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All-nanocellulose nonvolatile resistive memory
Umberto Celano1,2,5, Kazuki Nagashima3,5, Hirotaka Koga4, Masaya Nogi4, Fuwei Zhuge3, Gang Meng3,
Yong He3, Jo De Boeck1, Malgorzata Jurczak1, Wilfried Vandervorst1,2 and Takeshi Yanagida3
Single-use disposable nonvolatile memory devices hold promise for novel applications in internet of everything (IoE) technology
by storing the health status of individual humans in daily life. However, conventional memory devices are not disposable because
they are mostly composed of non-renewable, non-biodegradable and sometimes toxic materials, causing serious damage to
ecological systems when they are released to the environment. Here, we demonstrate an environment-friendly, disposable
nonvolatile memory device composed of 99.3 vol.% nanocellulose. Our memory device consists of a nanocellulose-based
resistive-switching layer and a nanopaper substrate. The device exhibited nonvolatile resistive switching with the capability of
multilevel storage and potential scalability down to the single nanofiber level (ca. 15 nm). The biodegradability of our memory
device was confirmed by burying it in natural soil for 26 days.
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INTRODUCTION
Recently, the internet of everything (IoE), which enables
information transfer between individual humans, animals, things
and places through the internet environment, has attracted much
attention as a novel electronic technology next to the internet of
things.1–3 IoE technology offers real-time monitoring and analysis
of the health status of individual humans in daily life. However,
some data cannot be obtained if the target temporarily leaves the
internet environment. Light-weight, single-use and disposable
nonvolatile memory devices hold promise for novel applications
in IoE technology because they can store these data temporarily
when the target enters a noninternet environment, and they can be
disposed of when they complete this function. Conventional
memory devices are not disposable because they are mostly made
of non-renewable, non-biodegradable and sometimes toxic
materials, causing serious damage to ecological systems when they
are emitted to the environment.4 Therefore, the development of
nonvolatile memory using renewable, biodegradable, nontoxic and
environment-friendly materials is strongly required for disposable
IoE electronic devices.
A paper-based memory device is one of the most promising options
because cellulose is the most abundant renewable material. Among
paper-based electronics, devices using so-called nanopaper have
recently attracted increasing attention. Nanopaper is made of nano-
cellulose, for example, cellulose nanofibers or cellulose nanorods
obtained by mechanically fibrillated wood pulp. Nanopaper has
foldability, a relatively high resistance to water and solvents, surface
flatness and high optical transparency.5–9 Furthermore, nanopaper has
an extremely low thermal expansion coefficient (6× 10− 6/K)
compared with other polymer materials that are used for biodegrad-
able electronics.10–16 Therefore, nanopaper has recently received
much attention as a substrate for flexible electronics.9,17–29 To
date, various electronic devices including organic/inorganic
thin-film transistors,9,21–23 light-emitting diodes,24 solar cells,23,25,26
antennas27,28 and triboelectric generators29 have been demonstrated
on nanopaper substrates. However, a nonvolatile memory, which is
the essential component for IoE technology, has not been demon-
strated on a nanopaper substrate so far. Here, we demonstrate an
environment-friendly, disposable nonvolatile memory device
composed of 99.3 vol.% nanocellulose. Our memory device consists
of a nanocellulose-based resistive-switching layer and a nanopaper
substrate. The device exhibited electrochemical redox-based nonvola-
tile resistive switching with the capability of multilevel storage and
potential scalability down to the single nanofiber level (ca. 15 nm).
The disposability of our memory device was also demonstrated by
examining the biodegradability of the device in natural soil.
MATERIALS AND METHODS
Preparation of cellulose nanofibers and nanopaper
Cellulose nanofibers with a width of ca. 15–20 nm were obtained from
softwood chips (Cryptomeria japonica).5,8 Briefly, the softwood chips were
treated with sodium chlorite and potassium hydroxide. Then, an aqueous
suspension of the as-prepared wood pulp (0.5 wt%, 2 l) was subjected to a
high-pressure water-jet system (Star Burst, HJP-25005E, Sugino Machine,
Japan) equipped with a ball-collision chamber. The pulp suspension was ejected
from a nozzle with a diameter of 0.15 mm under a high pressure of 245 MPa
with 50 repetition cycles. For the preparation of nanopaper, the cellulose
nanofiber suspension was cast onto an acrylic plate, oven-dried at 50 °C for
1 day and then peeled off from the plate. Nanopaper memory devices were
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fabricated using a thick nanopaper substrate (~30–50 μm). First, an indium tin
oxide (ITO) bottom electrode with a thickness of 100 nm was deposited by
radiofrequency sputtering at 1 Pa with Ar/O2 mixed gas (100 p.p.m. O2
in Ar). The deposition conditions were optimized to achieve good transparency
and high conductivity. The resistivity of the layer was ~ 3×10− 3 Ωcm that was
measured by a standard four-probe measurement. Then, a resistive-switching
layer was created by the drop-casting method, followed by the ITO deposition.
For the deposition, we placed a droplet (10 μl) of the cellulose nanofiber
aqueous suspension (0.02 wt%) on top of the ITO layer, followed by drying at
40 °C for 15 min. After the water evaporated, the thin cellulose nanofiber sheet
was left on the ITO layer. The thickness of the resistive-switching layer was
100 nm that was controlled by the number of drop cycles, as shown in
Supplementary Information S1. The thickness of the nanopaper was measured
by a surface profiler. Three cycles of drop casting led to a layer thickness of
~ 100 nm. Finally, the 100 nm-thick Ag top electrodes were deposited using
radiofrequency sputtering and patterned by a metal mask. For the measurement
of the total transmittance of the nanopaper, we used a ultraviolet–visible
spectrometer with an integrating sphere (U-3900, Hitachi High-Tech., Tokyo,
Japan). The measurement was performed using light in the wavelength range of
200–800 nm. Atomic probe microscopy (AFM) was utilized to characterize the
surface morphology of the nanopaper.
Electrical transport measurement of nanopaper memory and
cellulose nanofiber
The current–voltage (I–V) characteristics of the nanopaper memory devices
were obtained using a semiconductor parameter analyzer (Keithley 4200-SCS,
TFF Corporation, Tokyo, Japan). The experiments were carried out in
atmospheric air conditions at room temperature. For all cases, the current
compliance was employed to prevent the devices from destructive breakdown
phenomena. For the single cellulose nanofiber measurement, we employed
both a conductive-AFM (C-AFM) and a nanogap measurement. C-AFM was
performed using a Pt-coated conductive cantilever. Before the measurement,
the cellulose nanofiber aqueous solution (0.02 wt%) was diluted to a 1:1000
ratio by deionized water and then dropped onto a 100 nm thick Ag-coated Si
substrate. For the electrical measurement, the voltage was applied to the Ag
electrode whereas the conductive cantilever was grounded. The measurement
was performed in atmospheric air conditions at room temperature. On the
other hand, the sample for the nanogap measurement was fabricated by 30 kV
electron beam (EB) lithography (JEM-7001F, JEOL, Tokyo, Japan and SPG-724
Nano printer, SANYU Electron, Tokyo, Japan). First, the contact electrode and
marker pattern were patterned onto a Si substrate with a 100 nm SiO2 capping
layer. The ZEP520A-7 (Zeon Corporation, Tokyo, Japan), which was used as an
EB resist, was spin-coated at 5000 r.p.m. for 90 s, followed by baking at 180 °C
for 2 min. After the EB lithography, the pattern was developed by immersion in
ZED-N50 (Zeon Corporation) for 90 s, and the Ti/Pt electrode was deposited
by radiofrequency sputtering at 1 Pa. Next, the diluted cellulose nanofiber
aqueous suspension was dropped onto the pre-patterned substrate. After
observing the single cellulose nanofiber by field emission scanning electron
microscopy, the nanoelectrode pattern was overlaid by EB lithography. For
making the contact to the cellulose nanofiber, Pt was utilized to avoid possible
oxidization at the contact interface. The transport property of a single cellulose
nanofiber was determined in vacuum conditions (~1×10− 3 Pa) to minimize
the contribution of adsorbed water.
Electrode removal and biodegradation experiments
The removal of the electrode from the nanopaper memory was conducted in
various solvents such as propanol, acetone, ethanol, N,N-dimethylformamide
and water. Sonication was applied at 28 kHz for 5 min. After the sonication
process, the residual electrode was evaluated. For the biodegradation experi-
ment, we utilized natural soil. Then, 4 l of soil was collected in September at
34:49:30 north latitude and 135:31:28 east longitude and kept in a plastic bag.
The temperature and the humidity of soil were well controlled to be 22 ± 2 °C
Figure 1 Structural information of a nanopaper memory device. (a) Schematic illustration of the constituent material of a nanopaper memory device. The
nanopaper was made of softwood chips, and the field emission scanning electron microscopy (FESEM) image shows the surface morphology of the nanopaper
substrate. The nanopaper memory device consists of 99.3 vol.% nanocellulose. (b) Photograph of the nanopaper memory device. (c) Atomic force microscopy
(AFM) image of the resistive-switching layer deposited onto an indium tin oxide (ITO)/nanopaper substrate. The thickness of the resistive-switching layer is ca.
100 nm. (d) Absorption spectra of the nanopaper substrate and resistive-switching layer/ITO/nanopaper substrate. No significant change in transmittance was
observed after the deposition of the ITO electrode and the resistive-switching layer.
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and 92 ± 3%, respectively. As control experiments, nanopaper memory devices
on a Si substrate and a polyethylene terephthalate substrate were also examined.
RESULTS AND DISCUSSION
Figure 1a shows the schematic image of a nanopaper-based memory
device. Although our previous nanopaper-based nonvolatile memory
device was fabricated on a Si substrate and/or Al foil,30 the nanopaper
resistive-switching layer was created on a nanopaper substrate in this
study. The thickness of the nanopaper substrate was 30 μm. A field
emission scanning electron microscopy image showed the surface
morphology of the nanopaper. A smooth surface with a densely
packed nanofiber structure was found. Then, the 100 nm ITO thin
film, which was used as an electrode, was sputtered onto the
nanopaper substrate. The resistive-switching layer was created by
drop-casting an aqueous solution of cellulose nanofibers. Although
our previous study utilized Ag nanoparticle-decorated cellulose
nanofibers for the resistive-switching layer,30 we utilized pure cellulose
nanofibers in this study. Because the Ag nanoparticles have a large size
distribution and are locally aggregated in the resistive-switching layer,
it is in principle difficult for the Ag nanoparticle-containing nanopaper
to obtain a uniform resistive-switching property when the device
becomes smaller. On the other hand, our novel resistive-switching
layer in this study is simply composed of cellulose nanofibers without
Ag nanoparticles, allowing a uniform performance of resistive switch-
ing even when the device becomes smaller. The thickness of the
resistive-switching layer was 100 nm. This thickness was chosen to
secure the electrical insulation and also to minimize the operating
voltage for reaching the critical electric field of the initial forming
process. Finally, a Ag electrode was patterned onto the resistive-
switching layer by a metal mask. A photograph of the fabricated
nanopaper memory device is shown in Figure 1b. Remarkably, our
nanopaper memory device has a 99.3% volume fraction of nanocel-
lulose. This high-volume fraction was achieved by the fabrication of a
thin conductive electrode layer on a flat surface nanopaper substrate
that was unfeasible on regular paper. In general, a large part of
semiconductor devices is composed of the substrate material. There-
fore, the use of a nanopaper substrate plays a crucial role in obtaining
such a high-volume fraction of nanocellulose. Although a paper
substrate has previously been used for electronic device applications,
no previous devices on regular paper have a cellulose volume fraction
of450%.31 This is because the surface roughness of regular paper is a
few tens of micrometers, and therefore electronic devices on regular
paper need an electrode of several tens of micrometer thickness to
guarantee the continuity of the electrical conduction. Alternatively, the
volume fraction of the electrode can be drastically reduced while
maintaining its conduction property by using a flat surface nanopaper
substrate. Figure 1c shows an AFM image of the resistive-switching
layer/ITO/nanopaper substrate. The root-mean-square surface rough-
ness of our nanopaper memory device was 7.41 nm, and this is 2–3
orders of magnitude smaller than that of the one on regular paper.
Thus, the use of a flat surface nanopaper substrate plays a crucial role
for obtaining the high-volume fraction of cellulose by reducing the
volume of the electrodes. Note that in addition to the high-volume
fraction of nanocellulose, our nanopaper memory device also has a
high optical transparency. Because the cellulose nanofibers are laterally
stabilized by hydrogen bonds and the interstices between the
nanofibers are small enough, the light scattering of the nanopaper is
drastically reduced and high optical transparency can be realized.5
Figure 1d shows the total transmittance of the nanopaper memory as a
function of the wavelength. The transmittance of the nanopaper was
ca. 80% at a wavelength of 600 nm, and this value was maintained
even after depositing the ITO electrode and the resistive-switching
layer. Thus, we successfully fabricated a nanopaper memory device
that has a high-volume fraction of nanocellulose.
Next, we show the resistive-switching phenomena of the nanopaper
memory device. Figure 2a shows the typical I–V curves of the
nanopaper memory. The measurement was performed at room
temperature in atmospheric air conditions. In this measurement, a
device size of 200× 200 μm was used. The voltage was applied to the
Ag top electrode, whereas the ITO bottom electrode was grounded.
Initially, the device was highly insulative, and its resistance was
5.3× 1010Ω (purple line). An abrupt increase of current was observed
when the voltage was increased to 1.5 V. A current compliance of
1 mA was applied to prevent destructive electrical breakdown of the
device. This is a so-called forming process that is used to initialize the
resistive memory device.32–35 After the forming process, the device
showed a low-resistance state (LRS), with a resistance of 63Ω
(red line). The LRS was maintained until the negative voltage was
applied. When the voltage reached − 0.5 V, the current suddenly
dropped, and the device showed a high-resistance state (HRS). This is
the so-called RESET process. After the RESET process, the device
showed a resistance of 3.3 × 109Ω (blue line). The LRS was seen again
when a positive voltage of 1.0 V was applied. This is the so-called SET
process. Note that the large ON/OFF memory window (a resistance
ratio of over 107) in our nanopaper memory is because of the highly
insulative property of cellulose nanopaper (Supplementary
Information S4). The LRS and the HRS were sequentially observed
by the SET and RESET processes after initiating the device via the
forming process. Thus, our nanopaper memory device showed a
polarity-dependent bipolar resistive-switching behavior.32 Next, we
performed retention measurements to examine the nonvolatility of the
nanopaper memory device. Figure 2b shows both the LRS and HRS
resistances as a function of time. The voltage of 0.1 V was applied only
when the resistances were read out. Although a slight variation in the
HRS resistance was seen, both the HRS and LRS resistances were
maintained for 104 s while keeping a resistance ratio of over 107,
clearly indicating the nonvolatility of the nanopaper memory device.
Thus, we successfully demonstrated nonvolatile resistive switching in
our nanopaper memory device.
We further examined the multilevel memory effect of our nano-
paper memory device. Because our nanopaper memory has a large
ON/OFF memory window, the capability of the multilevel memory
effect is expected by exploiting the intermediate resistance states in the
memory window. The multilevel memory effect is an important
feature for increasing the density of the data storage, as the memory
density can be multiplicatively increased without increasing the device
footprint. Figure 2c shows the LRS and HRS currents when we apply
various compliance currents (50 μA, 500 μA and 1 mA) during the
SET processes. The readout voltage was 0.1 V. Three distinct LRSs
appeared according to the levels of the compliance current. These
states were maintained for 42× 103 s, as shown in Figure 2d.
Thus, we demonstrated the capability of multilevel memory in our
nanopaper memory device. Next, we examined the scalability of the
nanopaper memory device. Because the nanopaper was composed of a
cellulose nanofiber network, the minimum unit of our memory device
is a single cellulose nanofiber. Therefore, we performed a single
cellulose nanofiber measurement. Figure 3a shows a schematic
illustration of the single cellulose nanofiber measurement. The
C-AFM was utilized for characterizing the transport property of a
single cellulose nanofiber. The cellulose nanofibers were developed
onto a Ag thin film-coated Si substrate. The details of the control of
the number density of the cellulose nanofibers are provided in
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Supplementary Information S2. A Pt-coated cantilever was used as an
electrode. Figure 3b shows a topographic AFM image of the cellulose
nanofibers. The maximum height of the cellulose nanofibers was ca.
15–20 nm, consistent with the width of a cellulose nanofiber.36 The
insulative property of the cellulose nanofiber was confirmed by the
C-AFM image (Supplementary Information S3) and a nanogap
measurement using a single cellulose nanofiber (Supplementary
Information S4). Figure 3c shows the I–V curves of the single cellulose
nanofiber measurement. The series resistance formed by the AFM tip
and the filament limits the current flow in the range of hundreds of
nA.37 The measurement was performed at room temperature in
atmospheric air conditions. After the forming process at a voltage of
0.3 V, the cellulose nanofiber exhibited bipolar resistive switching. No
significant difference in switching behavior was observed after 20
switching cycles, indicating the reliability of the switching of the single
cellulose nanofiber. Figure 3d shows topographic AFM images before
and after the resistive switching with various switching cycles. After the
switching, the image commonly showed a decrease in the sample
height. This is well consistent with the electrochemical Ag filament
model34,35 (see Supplementary Information S5) because a void should
be created after the rupture of the Ag filament in the RESET process.
Based on the Ag filament model, we analyzed the electrical conduction
of the single cellulose nanofiber. Considering the resistivity of Ag
(1.59× 10− 6Ωcm)38 and the sample height of 15 nm, the diameter of
the Ag filament can be estimated to be ca. 12 nm. This size is reason-
able because the diameter of the cellulose nanofiber is ca. 15–20 nm.36
Thus, these results highlight the excellent scalability of the nanopaper
memory device down to the single cellulose nanofiber level.
Finally, we demonstrate the disposability of the nanopaper memory
device. Before the disposal, the Ag electrode should be removed from
the device because Ag has an antibacterial effect39,40 that suppresses
the fungus-based biodegradation of the nanopaper in the natural
environment. We found that the removal of the Ag electrode can be
achieved by simply applying sonication in water (details are discussed
in Supplementary Information S6). Next, we examined the biodegrad-
ability of the nanopaper memory device using natural soil. Our
biodegradation-based disposal process using natural soil has some
advantages with respect to the data security and the energy consump-
tion compared with the techniques used in a previous work.31 The
previously reported shredding process cannot be utilized when the
device size becomes smaller than the blade spacing of the shredder,
whereas the biodegradation process can be applied for any device
scale. The burning process has high reliability for data destruction
owing to the incineration of the device, but it consumes a high
amount of energy to achieve the burning temperature. In contrast, the
biodegradation of nanopaper may proceed at room temperature in
natural soil, allowing us to reduce the energy consumption drastically.
Figure 4a shows photographs of the nanopaper memory device after it
is buried in natural soil. The details of the experiment can be seen in
Supplementary Information S7. The temperature and the humidity of
soil were controlled to be 22± 2 °C and 92± 3%, respectively. As
control experiments, nanopaper memory devices on Si and
Figure 2 Electrical characterization of nanopaper memory. All of the measurements were performed in atmospheric air conditions at room temperature.
(a) Current–voltage (I–V) curves of nanopaper memory devices. The device initially showed an insulative pristine state (purple). After the first soft breakdown
process called the forming process, the device showed reversible resistance switching between the low-resistance state (LRS; red) and the high-resistance
state (HRS; blue). (b) Retention characteristics for both the LRS and HRS of the nanopaper memory. The readout voltage was 0.1 V. No significant
degradation of the resistance state was observed for at least 104 s, with the resistance ratio maintained at 4107, indicating the nonvolatility of the
nanopaper memory device. (c) Multilevel memory effect of the nanopaper memory device. The compliance current was varied (50 μA, 500 μA and 1 mA) to
create different LRSs. The readout voltage was 0.1 V. Distinct LRSs were observed according to the range of the compliance current. (d) Retention
characteristics of resistance states for multilevel operation. The readout voltage was 0.1 V.
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polyethylene terephthalate substrates were also examined. After 5 days,
the nanopaper memory layer was no longer observed on all devices,
whereas the substrate did not show any significant changes. The
degradation of the nanopaper substrate started after 15 days and was
complete after 26 days. Because the cellulose can be partially
hydrolyzed in a high humidity environment and decomposed by
microorganisms that have a cellulose-splitting enzyme, cellulase, the
biodegradation of the nanopaper memory device might progress in
natural soil. Similar biodegradation phenomena were reported for
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-oxidized nanopaper.41
On the other hand, the Si and polyethylene terephthalate substrates
were stable even after 26 days, without showing degradation. To
confirm the bacterial effect in natural soil, we conducted a biode-
gradation test by simply keeping our sample in room-air conditions
(humidity 50–60%), humid-air conditions (humidity 100%) and
water, as shown in Supplementary Information S8. In water, the
resistive-switching layer was fully removed with the electrode in
several minutes, whereas the nanopaper substrate was fully maintained
after 35 days. On the other hand, in humid-air conditions and room-
air conditions, both the resistive-switching layer and the nanopaper
substrate partially (humid-air condition) and fully (room-air condi-
tion) remained after 35 days. We further examined the temperature
effect in both the humid-air and water conditions. At 90 °C, there
were no significant differences in the biodegradation effect compared
with that in the same test performed at room temperature. This clearly
indicates that the biodegradation of our nanopaper memory was
caused by a bacterial effect in the natural soil. Figure 4b shows the
residual area ratio of the substrates after being buried in the soil. The
degradation of the nanopaper substrate started after 12 days, whereas
the Si and polyethylene terephthalate substrates fully remained after
26 days. These results indicate that we successfully demonstrated
environment-friendly, disposable nonvolatile memory devices that are
almost entirely composed of nanocellulose.
CONCLUSIONS
In this study, we demonstrate an environment-friendly, disposable
nonvolatile memory device composed of 99.3 vol.% nanocellulose.
Our memory device consists of a nanocellulose-based resistive-switch-
ing layer and a nanopaper substrate. The device exhibited Ag filament-
based electrochemical redox nonvolatile resistive switching with the
capability of multilevel storage and potential scalability down to the
single nanofiber level (ca. 15 nm). The biodegradability of our
memory device was confirmed by burying it in natural soil for 26 days.
These results indicate the potential of environment-friendly, dispo-
sable nonvolatile memory applications for developing a single-use
monitoring device for health diagnosis.
Figure 3 Examination of resistive switching using a single cellulose nanofiber. (a) Schematic illustration of the single cellulose nanofiber measurement
system. To obtain the single cellulose nanofiber, the solution, created by the dilution of a 0.02 wt% cellulose nanofiber aqueous suspension 1:1000
with deionized (DI) water, was dropped onto the Ag-coated silicon substrate. The characterization of the resistive switching for the single cellulose
nanofiber was performed by conductive-atomic force microscopy (C-AFM) with a Pt-coated Si cantilever. (b) Topographic AFM image of cellulose
nanofibers on Ag/Si substrate. The nanocellulose was raveled out to the single nanofiber level. (c) The current–voltage (I–V) curves taken from a single
cellulose nanofiber. The measurement was performed in atmospheric air conditions at room temperature. For the measurement, the voltage was
applied to the Ag bottom electrode, and the Pt-coated cantilever was grounded. Similar to the resistive switching in the nanopaper memory, reversible
resistive switching was seen in the single cellulose nanofiber. Similar switching characteristics were obtained after the 10th and 20th switching
cycles. (d) Topographic AFM images of cellulose nanofiber before and after switching. Before the observation, the resistance switching was continued
until the switching events diminished.
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